ABSTRACT This paper presents the development of a novel surface plasmon polariton band-stop filter with tunable operating frequency. The tuning is done by embedding a high permittivity BST dielectric block into the gap of SPP transmission line (T-line). An obvious transmission dip at the certain frequency is observed due to Fabry-Pérot interference. The notch frequency is sensitive to the variation of the dielectric constant of the BST ceramic. Specifically, a transmission dip up to −11.5 dB is observed at the notch frequency of 8.12 GHz when the dielectric constant of BST is 425; the notch frequency shifts from 8.7 to 7.6 GHz when the dielectric constant of BST increases from 375 to 475. To further verify the functions of the proposed SPP filter, a prototype is fabricated on the Rogers-4003 dielectric substrate. The measured and the simulated results show good agreements. The proposed structure has outstanding features of a very compact area, simple fabrication, and tunable operating frequency, which have great potential for the applications in tunable frequency selection metamaterials devices.
I. INTRODUCTION
Surface plasmon polariton (SPP), which propagates at the interface between dielectric and metal at optical frequency, has attracted a lot of attentions because of its potential in applications in optical communication, sensing, sub-wavelength resolution imaging, and so on [1] - [6] . However, metallic materials usually behave as good conductors at lower frequency region such as microwave and terahertz frequencies, thus showing weak confinement to electromagnetic waves. Therefore, a so-called spoof SPP (SSPP) structure, which has geometry of engineered hole-array in metallic plate, has been proposed based on plasmonic metamaterial mechanism [7] . Since the plasma frequency of SSPP structure depends on the geometric parameters, its dispersion curve and operating frequency band are designable.
Some schemes have been proposed to realize the effective excitation of SPP wave at microwave and terahertz frequencies, such as, the hole-array or grating on metallic films, and grooving on metallic lines techniques [8] - [11] . Recently, a 2-D SPP structure that has periodically grooved metallic strip on a thin dielectric film was developed [12] . With the conversion from guided wave mode to SPP mode, high efficiency and low loss transmission line (T-line) was achieved [13] . Moreover, some passive SPP devices, such as waveguide, resonator, filter and frequency selection device, were successfully designed [14] - [17] . Due to its subwavelength feature size, SPP based devices can achieve the targeted performance within compact area. In past decades, SPP devices usually only had fixed operating frequency points or narrow bands, which limited their applications in frequency tunable devices. Recently, some SPP devices have been developed towards dynamic functionalities such as modulating, tuning and manipulating electromagnetic (EM) waves at microwave and terahertz regimes. Various techniques have been proposed to achieve the dynamic functionalities, such as tuning the dispersion of SPP waves by the concepts of coding and programmable metasurfaces [18] , the phase control of dual fundamental Gaussian beams [19] , the guiding-out coupling structures [20] , the dielectric-thickness adjusting method [21] , anisotropic metamaterials [22] , etc. Some tunable or controllable SPP devices have thus been realized accordingly. However, SPP filters that can continuously tune SPP propagation over a broadband frequency have rarely been reported.
In this work, a high-permittivity dielectric material is embedded into the SPP T-line structure to control the propagation behavior of SPP wave [23] . Over a wide frequency pass-band region, the SPP T-line exhibits high transmission efficiency. On the other hand, at the designed stop-band, the transmission is significantly declined due to the high reflection introduced by the high-permittivity dielectric material. Simultaneously, the operating frequency band can be tunable because of the temperature or applied field dependent dielectric constant of the BST dielectric material [24] . Compared with the existing SPP filters, the proposed structure achieves a band-stop filter with tunable operating frequency in compact area. The new mechanism raised here can promote the research and application of frequency tunable SPP devices and also some tunable frequency selection metamaterials or metasurfaces.
II. TUNABLE SPP FILTER DESIGN
The schematic diagram of the proposed SPP filter (denoted as SPP-F) with BST dielectric material is plotted in Fig. 1 . The SPP propagation at 6 GHz and 8.12 GHz are shown in Fig. 1 (b) and Fig. 1 (c) , respectively. The former demonstrates high transmission, while the later shows transmission dip at 8.12 GHz. The SPP-F was designed using a copper film (thickness of 0.017 mm) with a whole area of 222.5 × 69.7 mm 2 , which was fabricated on a Rogers-4003 dielectric substrate with relative permittivity of 3.55, loss tangent of 0.0027, and thickness of 0.508 mm. As can be seen, the SPP-F is mainly composed of a periodically grooved metallic strip, mode converters, and a highpermittivity dielectric block.
In order to improve transmission efficiency, it is important to achieve wideband impedance matching and momentum matching. A mode converter featured as a smooth bridge between the coplanar waveguide (CPW) with 50 ohms impedance and SPP T-line is designed. It converts TEM wave to TM wave with a gradual increasing of gradient depth of grooves from 0 to 3.0 mm [13] . Specifically, the CPW with 50 ohms impedance is realized with the length and width of single conducting track as 13.0 mm and 9.0 mm, respectively. The gap between a pair of return conductors and the central track of the CPW is eventually optimized to be 0.36 mm. The dimensions of the SPP unit cell are p = 4.5 mm, a = 1.5 mm, and b = 3.0 mm, denoting the period, width, and length of grooves, respectively. The BST dielectric block (red block in Fig. 1 (a) ) is MgO doped high-permittivity (BaxSr1-x)TiO 3 ceramic material with the dielectric constant optimized around 425 and loss tangent factor of 0.01. The width and length of the dielectric block are a = 1.5 mm and b = 3.0 mm, respectively, whereas the thickness of the dielectric block is 0.4 mm. At the same time, a rectangular hole is constructed on the dielectric substrate at the center of SPP-F with a size of 3.0 × 1.5 × 0.2 mm 3 .
Note that the dielectric block is embedded into the rectangular hole, which is electrically in touch with both sides of the SPP T-line. For validations, the three samples including SPP, SPP-F and SPP-R are fabricated, measured and analyzed. Note that SPP-R is the same structure as SPP-F without the high-permittivity dielectric block. The photographs of the fabricated samples including SPP-F, SPP, and SPP-R are shown in Fig. 2 .
III. EXPERIMENTAL RESULTS AND ANALYSIS

A. S-PARAMETERS
The simulated and measured S-parameters (transmission coefficient S21 and reflection coefficient S11 or S22) results are plotted in Fig. 3 and Fig. 4 . It can be seen that the measured results are in good agreement with the simulated results when the operating frequency is less than 10 GHz. However, the measurement results deviate from the simulation results when the operating frequency is higher than 10 GHz. It is mainly due to the SMA connector (SMA KFD20 HD 16-9) used only supporting a maximum operating frequency of 12 GHz. As a consequence, the transmission efficiency is seriously degraded when approaching the limiting operating frequency of the SMA connector.
It can be seen in Fig. 3 and Fig. 4 that the SPP T-line achieves a simulated S21 of less than −1.5 dB and a S11 of better than −10 dB over the bandwidth of 2-10 GHz, respectively; while the measured S21 is less than −3 dB and S11 is also better than −10 dB at the operating frequency range from 2 GHz to 10 GHz. The slight difference between measured and simulated results may mainly be resulted from the matching error and metal loss. In contrast, due to strong reflection loss, the simulated and measured S21 and S11 of the SPP-R from 0.1 GHz to 12 GHz are worse than −5 dB and −10 dB, respectively. Besides, the S-parameter curves exhibit obvious ripples over the observed frequency band. After embedding the BST block, the transmission performance of the T-line is significantly improved. As shown in Fig. 3 , the simulated S21 of SPP-F has a good agreement with intact SPP T-line at the frequency range from 0.1 GHz to 7.8 GHz and 9 GHz to 12 GHz, while the simulated S11 of SPP-F is better than −10 dB apart from the high-permittivity-modulated frequency band of 7.8-8.8 GHz. Moreover, a simulated transmission dip with a value up to −11.5 dB is observed at the notch operating frequency of 8.12 GHz. Thus, the SPP-F exhibits a characteristic of band-stop. The 3-dB bandwidth is 0.35 GHz from 7.945 GHz to 8.295 GHz, and the relative bandwidth is around 4.3%. From the experimental results, it can be seen that the measured S21 of SPP-F has a good agreement with SPP T-line at the operating frequency range from 0.1 GHz to 7.5 GHz and 8.4 GHz to 10 GHz. The measured S11 of SPP-F is better than 10 dB apart from the high-permittivitymodulated frequency band of 7.6-8.3 GHz and the high frequency band of more than 10 GHz. The obvious transmission dip appear at the notch frequency of 8 GHz. The measured 3-dB bandwidth is 0. 36 GHz from 7.82 GHz to 8.18 GHz, while the relative bandwidth is 4.5 %. It is noted that the notch frequency is observed at 8 GHz in experiment, deviating from the simulated result at 8.12 GHz, which is mainly due to the fabrication error and dielectric loss, especially for the BST dielectric block, because the dielectric constant of BST ceramic is sensitive to temperature and applied electric field. The above measured results suggest that the band-stop SPP filter can be tuned at the desired operating band by the highpermittivity dielectric material BST block.
B. THE NEAR ELECTRIC-FIELD DISTRIBUTION
The electric filed distribution of the aforementioned structures are simulated to gain deeper physical insight into the effect of dielectric block on the SPP wave propagation. Two operating frequency points are selected and analyzed, one is 6 GHz with high transmission, while the other one is 8.12 GHz at the transmission dip. Fig. 5 presents the simulated results of near electric-field distribution (the Ez component) for the SPP, SPP-F and SPP-R at 6 GHz on an observation z plane that is 2 mm above the structure. It is clearly observed that the mode converter from CPW to SPP T-line is of high efficiency and the signal energy can propagate excellently at the SPP and SPP-F. Moreover, the electric filed distribution exhibits remarkable field confinement characteristic. As a comparison, the transmitted electric field for SPP-R weakens to a large extent due to the reflection loss at the gap, which is consistent with the transmission degrade shown in Fig. 3 . The corresponding near electricfield distributions at the operating frequency of 8.12 GHz are presented in Fig. 6 . As can be seen, the near-field distribution images of SPP and SPP-R are similar with those observed at 6 GHz. However, the near electric-field distribution of SPP-F differs a lot for SPP-F at 6 GHz, showing that the energy is strongly reflected by the dielectric block, which is in accordance with the transmission dip observed in Fig. 3 . Thus, we can draw a conclusion that the gap in the SPP T-line will result in a high reflection loss, and if the gap is bridged by a high-permittivity dielectric block, the composed SPP T-line would show a high transmission efficiency as good as intact SPP T-line except for the notch frequency.
C. THE PRINCIPLE FOR BAND-STOP FILTERING
Then, we will reveal the underlying physical mechanism according to the interface momentum-matching analysis. SPP wave is the collective oscillations of electrons excited in the dielectric-metal interface and propagates along the interface. The dispersion relation of SPP wave can be described by
Where, k x is the wave vector component in the x direction, ω is the angular frequency, c is the velocity of light in vacuum, while ε 1 and ε 2 are the permittivity (or effective permittivity) of dielectric material and metallic layer, respectively. Fig. 7 shows the dispersion relation curves of SPP structure and vacuum (light line), which are simulated using Eigen mode in CST Microwave Studio. As can be seen, the dispersion curve of SPP significantly deviates from the light line as the frequency increases and exhibits the feature of slow wave effect. The cutoff frequency of the proposed structure in this work is around 12 GHz. For frequencies below the cutoff frequency, the field can be tightly confined in the interface between air and metallic strip and the SPP wave propagates along the interface with a high efficiency. However, for the T-line with an air gap, the momentum matching is not satisfied in the gap, which will lead to a high reflection. Thus, the transmission efficiency of SPP-R is much lower than that of SPP. Moreover, ripples observed on S21 curve in Fig. 3 can be attributed by the interference of the transmitted signal and the reflected signal by the gap. When a high-permittivity dielectric block is embedded into the gap, SPP-F exhibits a high transmission efficiency. The BST block works as a dielectric waveguide bridging the left VOLUME 6, 2018 and right side of SPP T-line. However, at the notch frequency, the main transmission signal and the multi-reflection signal interfere destructively due to the Fabry-Pérot interference, which results in a transmission dip. The notch frequency depends on the dielectric constant of the block since the phase difference is related to the dielectric constant. The relationship between phase and dielectric constant can be described by
Where ϕ is the phase difference between the main transmission signal and the multi-reflection signal, λ and λ 0 are wavelength in medium and vacuum, d is the thickness of dielectric block, and ε eff is the effective dielectric constant (SPP wave propagates in an effective medium composed by a substrate, dielectric block, and air) [25] . When the phase difference of these waves satisfies ϕ = (2n + 1) · π (n is an integer), these anti-phase waves cancel out each other. Then, a transmission dip will appear at a certain operating frequency. Here we observe the destructive interference with n = 0. Because of the remarkable transmission dip, the SPP-F T-line can also works as a SPP band-stop filter. It is also noted that the other transmission dip can also be observed at a higher frequency of 28.5 GHz, which can be ascribed to the mode of n = 1. Theoretically, the 1st order mode will be located at 24.36 GHz, while the frequency blue-shift is mainly due to the decrease of BST dielectric constant at high frequencies.
In Eq. (2), the theoretical ε eff for destructive interference condition is calculated as 37.9. Then, we estimate the dielectric constant of the effective medium using the linear superposition of dielectric substrate, BST block and air in the gap region. The thickness of air layer in z axis is selected as 1 mm, then the energy of SPP waves at the boundary reduces to 1/10 of the strength close to the surface of SPP T-line. According to the dielectric constants and volume ratio of three matters, ε eff can be estimated as 35.5, which agrees well with the theoretical value. Thus, the physical mechanism raised here is convincing.
It is worth noting that the dielectric constant of BST is sensitive to the temperature or applied electric field. BST is a kind of ferroelectric, which can achieve very high permittivity due to the spontaneous polarization. The increase in temperature will induce ferroelectric-paraelectric phase transition and applied electric field will lead to the reorientation of dipole moment, both of which will cause the change of dielectric constant. For Ba x Sr 1−x TiO 3 , the transition temperature (Curie temperature, T C ) can be expressed as [26] T c (x) = 42 + 439.37x − 95.95x When x = 0.5, T C is 237 K. And thus, with the increasing of temperature (usually above T C ), the dielectric constant can be described by Where C is the Curie constant, which is in the order of 10 5 K for BST. If an electric field is applied, the dielectric can be tuned over a large range. The tuning range can be written by [26] ε
Where ε(0) and ε(E) represent the dielectric constant without electric field and under electric field E, respectively, β is the third-order nonlinear polarization coefficient, and ε 0 is the vacuum permittivity.
As previously reported [27] , the dielectric constant of pure BST film is about 1750 at zero bias at 10 GHz, and the tunable range reaches 59% under a field of 60 kV/cm. For MgO doped BST, the dielectric constant will decrease, however a relatively high tunability is retained. As an example, 60wt% MgO doped Ba 0.55 Sr 0.45 TiO 3 (ε r = 99.8) possesses a tuning range of 18.4% under a bias of 6 V/µm.
As described above, the temperature and applied electric field affect the dielectric constant of the BST block, resulting in a wide tunable characteristic. Thus, the frequency tunable characteristic of the SPP-F is also investigated. The dielectric constant of BST block is defined between 375 and 475 with a step size of 25. The transmission coefficient under various dielectric constants are presented in Fig. 8 . It can be found that the transmission dip frequency shifts to a lower frequency as the dielectric constant of BST block increases. The notch frequency decreases from 8.7 GHz to 7.6 GHz, and the average frequency shift for the one-unit-permittivity increase is 11 MHz when the dielectric constant increases from 375 to 475. It can be explained by Eq. (2) that increased dielectric constant will result in an increased wavelength. Then as for identical phase difference, the notch frequency of the SPP-F will be shifted to a lower frequency. Hence, SPP reflection-type filter with tunable operating frequency can be achieved which can modulate SPP wave over a broad frequency band.
IV. CONCLUSION
In summary, the SPP T-line with a high-permittivity BST dielectric block embedded was found in this paper to be effective in controlling the propagation behavior of SPP wave. A novel SPP band-stop filter with tunable operating frequency has been achieved within compact area. It is both numerically and experimentally shown that the transmission performance of SPP-F is as good as the intact SPP T-line at the broadband frequency. Furthermore, an obvious transmission dip is observed at the notch frequency of 8.12 GHz, which can be attributed by the high reflection induced by FabryPérot interference. It is worth noting that the notch frequency of transmission dip depends on the dielectric constant of BST block. Specifically, the notch frequency shifts from 8.7 GHz to 7.6 GHz when the dielectric constant increases from 375 to 475. Hence, this SPP modulation effect will promote its application into frequency tunable SPP devices and also some tunable frequency selection metamaterials or metasurfaces.
V. METHODS
The simulation of the SPP-F, SPP, and SPP-R structures were performed using the commercial software, CST Microwave Studio. The transmission coefficient and reflection coefficient of these structures were simulated at the broadband operating frequency range from 0.1 GHz to 14 GHz. The experimental samples were fabricated using Rogers-4003 dielectric substrate with relative permittivity of 3.55, loss tangent of 0.0027, and thickness of 0.508 mm. The BST dielectric block is MgO doped high-permittivity (BaxSr1-x)TiO 3 ceramic material that was prepared by ceramic sintering method. The S-parameters (transmission coefficient S21 and reflection coefficient S11 or S22) of the fabricated samples were measured using N5247A PNA-X Microwave Network Analyzer. 
